Few-micron-sized elliptically deformed InGaAsP-InP microdisk lasers are fabricated and highly directional emissions are observed along the direction perpendicular to the surface of highest curvature. As the size of the elliptical microdisk is reduced, both the azimuthal angular spreading and the number of lobes become smaller. The improved directionality of the smaller structure is attributed to the enhanced tunneling loss at the high curvature surfaces. The far-field radiation is linearly polarized. Charge-coupled-device images confirmed the existence of strong near-field emission in the vicinity of high curvature surfaces.
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In general, whispering gallery modes ͑WGMs͒ are formed through successive total internal reflections at the wall of the circular structure. During circulation of light in circular structures, such as microdisks, the beam always hits the wall at the same incident angle because of the symmetric geometry. Generally, the far-field emission of circular microdisks is isotropic ͓Fig. 1͑a͔͒. In fact, the absence of directionality hinders the use of these systems as a practical laser. Several ways to introduce the directionality have been proposed and implemented for microdisks, 4 ,5 microspheres, 6 or microdroplets. 7 One method for introducing directionality is to deform the microdisk to a noncircular structure; however, to date, most deformed microdisks have been used for the study of chaotic behaviors and have had sizes larger than tens of microns. In practice, much smaller cavity sizes are better because they are characterized by single modeness and low laser threshold value. To take advantage of small cavities, we investigated elliptically deformed InGaAsP-InP microdisks with sizes in the range of 2-7 m, focusing on their directional emission characteristics. A relatively large size stadium-shaped microdisk is known to be more advantageous in obtaining both the directionality and the decimated spectrum, assisted by the quantum chaotic effect. 4 On the other hand, as the size of the structure approaches the regime where the tunneling loss caused by their curved boundary plays an important role, we found that the highly directional emission and single-mode operation does occur even for elliptical structures. This kind of device can be expected to be a candidate for an extremely low-power photon source with directionality.
In the experiments, we first prepared elliptically deformed microdisk structures. For nonchaotic systems, such as ellipses, light is emitted chiefly in the vicinity of the highcurvature portions of the geometry ͑i.e., the major axis for an ellipse͒. 8 In other words, the weak deformation of a circle into an ellipse does not abolish the nature of WGMs, as shown in Fig. 1͑b͒ . Seven pairs of InGaAsP quantum wells emitting near 1.55 m are used as the active material of the microdisk laser. The final thickness of the processed microdisk slab is about 200 nm; this thickness supports a single transverse mode. The InP cladding layer positioned at the bottom of the active layer was selectively dissolved with dilute HCl to form a pedestal. The pedestal was made small enough in order not to overlap with the WGMs. The aspect ratio and the size of the elliptical microdisk are controlled by electron-beam lithography. A trench was etched around the microdisk by Ar/Cl 2 chemically assisted ion-beam etching using the poly͑methyl methacrylate͒ mask. 9 In this fabrication process, every effort was made to make the surface of the microdisk as smooth as possible because even a tiny defect on the microdisk can substantially alter the far-field emission. 10 During the far-field emission measurements, the fabricated samples were pulse pumped by an external 980 nm laser diode placed at back side of the wafer so as not to interfere with the measurements. The back side of fabricated samples is ground and polished to reduce absorption and scattering losses. APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 6 9 FEBRUARY 2004 cycle was set to 4% to reduce thermal effects. The far-field measurement setup was the same as that shown in Ref. 11 . The angular resolution of the far-field measurement is 3.6°in the azimuthal direction and 2°in the polar direction. The distance from the photodetector to the sample was set to be 30 cm. A polished silicon wafer was placed in front of the photodectector to block the 980 nm pumping laser radiation. First, we report on an elliptically deformed microdisk laser with a major-axis size of 7.6 m and an aspect ratio of 0.78 as shown in Figs. 2͑a͒ and 2͑b͒. The near-field image was recorded using a 50ϫ objective lens and a chargecoupled-device ͑CCD͒ camera. The near-field image shows two symmetric bright spots in the vicinity of the major axis of the ellipse, where the incident angle is the smallest ͓the inset in Fig. 2͑c͔͒ . The dashed line in the near-field image of Fig. 2 indicates the position of the elliptical microdisk. From the lasing spectrum and the L -L curve ͑collected laser output power versus incident peak pump power͒ in Fig. 2͑c͒ , we can see that the elliptical microdisk laser operates in a single mode with a threshold of about 1 mW at room temperature.
The far-field profile for the elliptical microdisk described above is shown in Fig. 3͑a͒ . Here, the measured far-field data over the curved surface of the hemisphere are mapped onto a two-dimensional flat surface (x,y). 11 Note that the center of this surface corresponds to the vertical direction. The ellipse in the far-field images indicates the orientation of the elliptical microdisk. Several pairs of distinctive lobes are visible along the direction perpendicular to the major axis of the elliptical microdisk in the far-field image. About one-half of the total radiation emitted from the elliptical microdisk laser falls within Ϯ35°in the azimuthal direction. The slight asymmetric intensity distribution, with respect to the disk plane, originates from the asymmetry of the shape. The fact that maxima of the far-field pattern are located by 90°rela-tive to maxima of the near-field pattern indicates that the emission is governed by the photon tunneling. 12 In the polar direction, the output beam is distributed over a relatively narrow angular spread of about 30°͑50°ϽϽ80°͒. Thus, a far-field pattern narrowing effect is for the elliptical microdisk, consistent with a previous study of this disk. 13 The concentric fringes appearing in the lobes result from the interference between the original upward light and the downward light reflected from the bottom of the trench. One interesting aspect of the far-field profile is the disappearance of the far-field emission near the horizon ͑ϳ90°͒, which can be attributed to the -phase shift that light undergoes upon reflection at a glancing angle. Figure 3͑c͒ shows the far-field pattern for a 5.4 m sized elliptical microdisk laser with an aspect ratio of 0.76. Although the aspect ratio of this microdisk is only 0.02 less than that of the system described above, both the number of lobes and the divergence angle ͑Ϯ22.5°͒ in the azimuthal direction are noticeably reduced. To understand our experimental results, simulations of the far-field patterns were performed. A comparison of the experimental results ͓Figs. 3͑a͒ and 3͑c͔͒ with the corresponding simulation results ͓Figs. 3͑b͒ and 3͑d͔͒ reveals good agreement between simulation and experiment. We attribute the improved directionality of the emissions to the size effect; as the size decreases the curvature increases, leading to a high probability that photons will escape. 14 In fact, as the size becomes smaller, the effective lateral width of the potential barrier becomes narrower. 15 Therefore, shape perturbations more strongly influence emission for smaller structures. This size effect can not be analyzed from the viewpoint of ray optics. According to the eikonal approximation, the angular momentum of WGMs ͑ᐉ͒ can be related to the incident angle by the relation as sin()ϳᐉ/nkR. 12 Moreover, since the incidence angle oscillates following the deformation in the phase space, in the ray-optics limit, the directionality is strongly influenced by the degree of deformation.
The size effect manifests even more dramatically for elliptical microdisks of a size of 2 m ͑Fig. 4͒. The 2 m size microdisk with a refractive index of 3.4 corresponds to WGMs with ᐉϭ8 at a wavelength of 1.55 m. This value is a rather low angular momentum number to be experimentally realized in microdisks. 16 In the far-field simulation, even an aspect ratio of 0.922 leads to highly directional emission. Interestingly, at this aspect ratio, the structure deviates only slightly from a circular shape. Figure 4͑c͒ shows the quality factor of the 2 m elliptical microdisk versus the aspect ratio obtained from simulation using a threedimensional ͑3D͒ finite-difference time-domain ͑FDTD͒ method. As the aspect ratio increases, the quality factor decreases radically. 12 These findings demonstrate the sensitivity of the 2 m structure to the structural deformations.
The polarization state of elliptical microdisk lasers was also measured, as shown in Fig. 5͑a͒ . The direction of polarization lies parallel to the major axis of the elliptical microdisk. This indicates that emission mainly occurs close to the major axis where the electric dipoles oscillate parallel to the major axis ͓Fig. 5͑b͔͒. The linear polarization of elliptical microdisks can be regarded as an indirect consequence of directionality.
In summary, we have realized few-micron-sized elliptically deformed InGaAsP-InP microdisk lasers with a refractive index of 3.4. Far-field measurements showed that structures of 7.6 m and 5.4 m produced highly directional emissions. We further demonstrated that the directionality of the emission becomes more pronounced as the size of the structure decreases. This phenomenon can be understood only from a wave optics viewpoint, beyond the scope of the ray-optics regime.
Further information on the directionality was obtained from the measurements of the linear polarizations of the elliptical microdisk lasers. In the future, deformed microdisk lasers, such as those fabricated in the present study, should find applications as directional light sources in planar light circuits. Furthermore, if this small-size cavity could be made to maintain high-quality factor, they will be of potential use for quantum optics applications. 
